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The objec t ive  of t h i s  s tudy i s  t o  s o l u b i l i z e  coa l  macerals and an Argonne 
Premium Coal Sample us ing  oxidat ion and t o  charac te r ize  these  soluble  products. A 
major problem i n  coa l  charac te r iza t ion  and i n  coa l  u t i l i z a t i o n  is  the i n t r a c t a b i l i t y  
of the coa l  macromolecular network. High temperature t reatments  y i e l d  smaller, 
v o l a t i l e  and so luble  molecules, which can be g r e a t l y  a l t e r e d  from t h e i r  o r i g i n a l  
s t r u c t u r e s ,  along with a s i g n i f i c a n t  amount of a non-volatile char. Mild oxidat ion 
should provide a s o l u b l e  mixture of compounds i n  higher  y i e l d s  and with s t r u c t u r a l  
c h a r a c t e r i s t i c s  more l i k e  the o r i g i n a l  coal. The approach descr ibed i n  t h i s  paper 
a t tempts  t o  o x i d a t i v e l y  cleave only ac t iva ted  benzyl ic  sites i n  the  coal  macro- 
molecules i n  a two s t e p  process. I n  the  f i r s t  s t e p  benzyl ic  s i t e s  which a r e  
p a r t i a l l y  a c t i v e  due t o  oxygen f u n c t i o n a l i t y  e i t h e r  on the  aromatic r ing  or on the  
benzyl carbon a r e  f u r t h e r  ac t iva ted  by t h e  formation of pyridinium s a l t s  a t  tha t  
carbon from the  r e a c t i o n  with pyr id ine  and iodine. In t h e  second s t e p  t h i s  carbon 
i s  oxidized by a l k a l i n e  s i l v e r  oxide r e s u l t i n g  i n  formation of carboxyl ic  acid 
groups. This  process  has  been described i n  an i n i t i a l  communication f o r  whole coals  
(1) and the  r e s u l t s  of the  f i r s t  reac t ion  on the  macerals, used i n  t h i s  s tudy,  has 
been published ( 2 ) .  This  repor t  w i l l  focus on the  y ie lds  of the  oxidat ion s t e p  and 
the  charac te r iza t ion  of  t h e  products. 

A few oxida t ive  degradat ion s t u d i e s  on separated coa l  macerals have been 
published (3-5).  In these  s t u d i e s  there  was extensive oxidat ion and only small 
molecules were i d e n t i f i e d .  In t h i s  s tudy,  both smaller and higher  molecular weight 
f rac t ions  which were separa ted  on the  bas i s  of s o l u b i l i t y  have been character ized 
using gel  permeation chromatography (GPC), GCMS, Pyrolysis  MS (PyMS) the prec ise  
mass measurement mode, F a s t  Atom Bombardment (FAB) MS, and NMR. FAB MS has proven 
t o  be usefu l  i n  t h e  charac te r iza t ion  of po lar  b io logica l  compounds. This i s  the  
f i r s t  appl ica t ion  of t h i s  technique t o  coa l  oxidat ion products. Since FAB is a 
r e l a t i v e l y  mild i o n i z a t i o n  technique, it should help t o  charac te r ize  products with 
molecular weights g r e a t e r  than 500. Compounds i n  t h i s  range a r e  not v o l a t i l e  enough 
f o r  GCMS and a r e  broken down i n t o  smaller  fragments by PyMS. However, the chance of 
rearrangements i n  PyMS a r e  reduced when pyrolysing t h e  oxidat ion products i n  
comparison t o  the whole coals  o r  maceral concentrates .  It i s  i n t e r e s t i n g  t o  note  
the remarkable lack of l a r g e  polycycl ic  aromatics i n  t h e  so luble  products. The 
s i g n i f i c a n c e  of t h i s  r e s u l t  will be discussed. 

EXPERIMENTAL 

Samples 

A descr ip t ion  of  the  macerals and whole coal  i s  given i n  Table 1. Deta i l s  of 
the maceral s e p a r a t i o n  have been reported (2).  The Upper Elkhorn and the Brazi l  
Block samples have been separated from coals  obtained from Pennsylvania S t a t e  
University labe l led  PSOC 1103 and PSOC 828, respect ively.  The subbituminous coal is 
the Argonne Premium Coal Sample (APCS) number 2 ,  which has  been recent ly  mined and 
has been s t o r e d  under n i t rogen  i n  sealed g l a s s  ampules. The preparat ion of t h e  oxy- 
methylene l inked  polymer(1) has  been descr ibed (6 ) .  
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Oxidations 

i 

The pyridinium salts of t h e  samples were prepared by re f lux ing  1 g of the  coal ,  
maceral or  polymer i n  60 m l  of pyridine with 4 g of iod ine  f o r  70 hrs  (2). The 
react ion mixture was poured i n t o  10% aqueous NaHS03 and the s o l u t i o n  f i l t e r e d .  The 
der ivat ized coal  was washed f r e e  of pyridine,  d r ied  and analyzed. In a t y p i c a l  
oxidation f r e s h  Ag20, prepared from 8.5 g of &NO3 and sodium hydroxide, was 
refluxed with 1.0 g of the  s u b s t a t e  in 50 m l  of 10% aqueous NaOH f o r  20 hrs .  The 
s i l v e r  and unoxidized samples were removed by f i l t r a t i o n  and the f i l t r a t e  a c i d i f i e d  
with aqueous HC1. Products which were a l k a l i n e  so luble  but inso luble  in the  
s l i g h t l y  a c i d i c  s o l u t i o n  were termed humic acids .  The so lubles  were ex t rac ted  with 
Et20-MeOH. Yields w e r e  determined by analysing the  products f o r  carbon. The 
products were methylated with diazomethane f o r  f u r t h e r  ana lys i s .  

Character izat ion 

Approximate molecular s i z e  d i s t r i b u t i o n s  were determined by g e l  permeation 
chromatography using a s e t  of three ul t ra-Styragel  columns with 100, 500, and 1000 A 
nominal pore diameters. The samples were e l u t e d  with THP and detected by UV a t  
254 nm. The c o l u m s  were c a l i b r a t e d  using a s e t  of esters of known molecular 
weight. 

GCMS and PYMS d a t a  were obtained on a Kratos MS-25 mass spectrometer. A 60 m x 
0.25 mm DB-1701 fused s i l i c a  column was used in GCMS analys is .  The d e t a i l s  of the  
PyMS experiment have been reported (2). The samples were a l l  heated a t  50"/min on a 
platinum screen and the  instrument was operated in the  prec ise  mass measurement 
mode. The PABMS d a t a  were obtained on a VG 70-250 a t  the  Universi ty  of Chicago, 
Chemistry Department. Argon gas was used with g lycero l  as the probe matrix. NMR 
da ta  were taken on a Bruker AM-300 using CDClJ3 a s  a solvent .  

RESULTS AND DISCUSSION 

The y ie lds  f o r  the  oxidat ion s t e p  a r e  very sample dependent as  i s  shown i n  
Table 1. The y i e l d s  a r e  ca lcu la ted  based on the  carbon content  of the  s t a r t i n g  
mater ia l  and of the  products with the  values given being an average of a t  l e a s t  two 
experiments. The oxida t ion  of the  Illinois No. 2 v i t r i n i t e  yielded 84% of the  
o r i g i n a l  carbon in t h e  so luble  products. This r e s u l t  can be cont ras ted  with the 
f u s i n i t e  where only 47% of the carbon has been recovered of which 40% was the 
E t Z O / H e O H  soluble  f r a c t i o n .  I f  one assumes t h a t  f u s i n i t e  is " f o s s i l  charcoal" ,  then 
t h i s  r e s u l t  is expected. The number of pyridinium salts formed (1.5/100 carbons) i s  
small and suggests  t h a t  much of the  oxygen occurs as  he te rocycl ics .  In addi t ion ,  
there  were probably l e s s  benzyl ic  carbons in t h i s  f u s i n i t e  compared t o  t h e  v i t r i n -  
ite. The lower y i e l d  f o r  the  s p o r i n i t e ,  62%, compared t o  t h e  v i t r i n i t e  may r e f l e c t  
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t h e  grea te r  a l i p h a t i c  content  of the s p o r i n i t e  which would be r e s i s t a n t  t o  oxida- 
t ion .  The APCS #2 has  a s i m i l a r  composition t o  the  I l l i n o i s  No. 2 v i t r i n i t e  and 
y i e l d s  e s s e n t i a l l y  t h e  same amount of so lvent  so lubles  but less humic a c i d  
mater ia l .  Oxidation of t h e  polymer gives only 1,4aaphthalenedicarboxylic acid. No 
evidence the  naphthalene r i n g  oxidat ion has  been found. It is i n t e r e s t i n g  t o  note  
t h a t  one naphthalene-dicarboxyic a c i d  is formed f o r  every pyridinium s a l t .  

The Et20/MeOH s o l u b l e  f r a c t i o n  does have a s i g n i f i c a n t  amount of higher  
molecular weight materials as is seen in the  GPC d a t a  from the methyl e s t e r s  
presented in Figure 1. The molecular s i z e  s c a l e  is only approximate and t h i s  
approach works bes t  f o r  comparisons. Figure l a  compares I l l i n o i s  No. 2 v i t r i n i t e  
with f u s i n i t e .  The f u s i n i t e  gives  a narrower d i s t r i b u t i o n  s h i f t e d  t o  a la rger  
molecular s i z e  compared t o  t h e  v i t r i n i t e .  A comparison of the  so lvent  so lubles  and 
humic acid from Upper Elkhorn v i t r i n i t e  is shown in Figure lb. The humic f r a c t i o n  
higher  MW peak is s i g n i f i c a n t l y  higher than t h e  corresponding peak f o r  solvent  
soluble .  Since t h i s  is a f a i r l y  mild degradation the molecular s i z e  d i s t r i b u t i o n  is 
t y p i c a l l y  a t  a much higher  MW compared t o  pyro lys i s  products of the sample 
samples. F ina l ly ,  it is i n t e r e s t i n g  to note  t h e  d i f f e r e n c e  in Figure IC of the  
output  from a W and a f luorescence de tec tor  which a r e  in- l ine.  The chromograms 
have been normalized, but the poor signal-to-noise from the  f luorescence de tec tor  i s  
a good indica t ion  of t h e  lack of f luoresc ing  compounds such as polycycl ic  aromatics 
in the  product. 

Proton NMR d a t a  lends  support  t o  the  observat ion of the lack of polycycl ic  
aromatics. Since even t h e  so lvent  so luble  f r a c t i o n s  contained compounds which are 
too large and non-volat i le  f o r  E M S ,  the  proton NMR s p e c t r a  have been taken. The 
methyl e s t e r  region is t h e  most informative and is shown f o r  the  I l l i n o i s  No. 2 
samples in Figure 2. From t h e  s p e c t r a  of a number of known methyl esters, three  
regions can be assigned:  3.6-3.8 a l i p h a t i c .  3.8-4.0 s i n g l e  r i n g  aromatics and 
heteroaromatics ,  and 4.0-4.2 polycycl ic  aromatics and heteroaromatics. Single-ring 
aromatics and a l i p h a t i c s  a r e  t h e  most abundant spec ies  in these  samples. 

Compounds t h a t  can be separated by GCMS are mostly benzene, and hydroxybenzene 
carboxyl ic  acids .  The t o t a l  ion chromatogram f o r  APCS 112 is shown in Figure 3. 
Although t h i s  is a f a i r l y  mild oxidant ,  t e t ra - ,  penta- and hexa carboxyl ic  ac ids  a r e  
s t i l l  formed. Also note  even the  hydroxybenzene t e t r a -  and penta-carboxylic ac ids  
a r e  formed. More model compounds a r e  being examined t o  b e t t e r  understand t h i s  
r e s u l t .  In addi t ion  t o  benzene and hydroxybenzene carboxyl ic  acids .  furan 
carboxyl ic  ac ids  a r e  found i n  s i g n i f i c a n t  abundance. 

Fragments found by PyMS with APCS 12 and the v i t r i n i t e s  a r e  dominated by 
a l i p h a t i c s  and s i n g l e  r i n g  aromatics and hydroxylated aromatics. PyMS of t h e  humic 
products r e s u l t s  in v o l a t i l i z a t i o n  a t  lower temperatures as compared with t h e  coal  
o r  maceral, a s  is shown i n  Figure 4 .  Comparing the  pyro lys i s  products between the 
t w o  samples, the  most s t r i k i n g  d i f f e r e n c e  is t h e  reduct ion in a l i p h a t i c s  in the  
humic acid f r a c t i o n .  Figure 5 shows the d i s t r i b u t i o n  of hydrocarbons found as a 
funct ion of Z-number (hydrogen def ic iency ,  0-alkane, 1-alkene, 4-benzene, e tc .  >. 
However, in each case t h e  cont r ibu t ion  of fragments with mre than 1 aromatic r ing  
was small. 5 .6% f o r  t h e  coa l  and 4.6% f o r  t h e  oxida t ion  product. A milder 
ion iza t ion  approach has  been taken with some of these  samples. A FAB MS spectrum 
f o r  the so lvent  s o l u b l e s  from the  Upper Elkhorn v i t r i n i t e  is shown in Figure 6 .  
Again. peaks which can be i d e n t i f i e d  as  s i n g l e  r i n g  compounds dominate. Rowever, 
un l ike  e lec t ron  impact peaks a r e  seen a t  M / Z  > 400. The condi t ions f o r  t h i s  
experiment need t o  be optimized and a matr ix  more s u i t a b l e  than g lycero l  used. 
Also. Some of these  samples w i l l  be analysed using f i e l d  i o n i z a t i o n  MS. 



All of these results strongly suggest that for our vitrinite samples and the 
subbituminous coal sample the single ring aromatics dominate. Unlike many other 
experiments most of the carbon is characterized using this approach. More model 
compounds and polymers are being studied to verify the selectivity of this 
derivatizationloxidation procedure. 
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Figure 1 .  Gel permeation chromatograms of methyl e s t e r s :  a )  I l l i n o i s  No. 2 ,  
solvent soluble fracti0.k; b)  Upper Elkhorn No. 3 v i t r i n i t e .  and c )  I l l i n o i s  
No. 2 v i t r i n i t e  solvyent soluble fract ion.  
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Figure 2. 'H NMR spectra of I l l i n o i s  No. 2 solvent  so lub le  f rac t ion ,  e s t e r s .  
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Figure 3. Total Ion chromatogram of APCS #2 solvent  soluble fract ion,  methyl 
e s ters .  Major peaks: 28-68 number of carboxylates on benzene, 2P-5P number 
on phenol and 2F-4F number of carboxylates on furans. 
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Figure 4. Total Ion pyrograms for APCS 1 2 .  
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